Ruminant ketosis
Female ruminants are susceptible to spontaneous ketosis arising at times of high productive demand. The dairy cow is most susceptible during the first 7 weeks of lactation, whereas the ewe is susceptible, particularly when multifoetate, during the last month of pregnancy. The disorder is characterized by signs of carbohydrate insufficiency and adipose-tissue mobilization. Those of carbohydrate insufficiency include, in the cow at least, hypoinsulinaemia, hypoglycaemia and decreased hepatic content of glycogen and glucogenic metabolites, and those of fat mobilization include increased circulating concentrations of NEFA* and ketone bodies, and fatty infiltration of the liver (Baird, 1977) . Similar, but less marked, signs of energy deficiency are evident even in clinically healthy animals during these periods of ketosis susceptibility. At these times, too, ruminants are most susceptible to food-deprivation ketosis, the biochemical features of which are in many ways similar to those of the spontaneous condition (Baird, 1977) (see Table 1 ). One difference is, however, that although hepatic gluconeogenesis invariably falls during food deprivation, it may remain within the normal range during the initial stages of spontaneous ketosis in cows (Kronfeld, 1971 ).
Non-productive, i.e. non-pregnant, non-lactating, dairy cows seem to be rather resistant to food-deprivation ketosis, and in this way appear to differ from non-productive rats (Table 1) . A further apparent difference between dairy cows and rats is indicated by the observation that rats can be more resistant to food-deprivation ketosis during lactation than at other times (Table 1) . However, the response of the lactating rat to food deprivation, like that of the lactating cow, depends on the stage of lactation. Thus, although hepatic ketogenesis is low in rats at peak lactation (10-17 days post partum), it is relatively high in rats in early lactation (2-4 days post partum) (Whitelaw & Williamson, 1977) . The physiological status of the ketosissusceptible cow is probably more comparable with that of the latter group, in view of the duration of lactation in the two * Abbreviation: NEFA, non-esterified fatty acid. species (i.e. about 300 and 20 days in cows and rats respectively). There are conflicting reports concerning the ability of non-productive ewes to resist food-deprivation ketosis (Herriman & Heitzman, 1978; Varnam el al., 1978) . Lactating ewes may be relatively resistant.
Circulating concentrations of metabolites
These are shown in Table 1 . In contrast with the rat, the main circulating ketone body in the healthy fed cow is hydroxybutyrate. During food deprivation, the concentration of acetoacetate increases substantially, however, and as a result the blood [hydroxybutyratel/[acetoacetatel ratio declines, even though the concentration of hydroxybutyrate also increases. The lower arterial concentrations of glucose and lactate in the cow during lactation are indications of relative energy deficiency at this time. Although blood acetate concentrations decrease during food deprivation, they increase during spontaneous ketosis (Kronfeld, 197 
1).

Source and nature of ketone bodies
In contrast with the rat, the liver is not the only site of ketogenesis in the fed ruminant, since ketone bodies are also formed in the epithelium of the forestomachs, principally the rumen. As Table 2 shows, the gut and liver of the fed, healthy dairy cow both secrete hydroxybutyrate at a similar rate. There is therefore a net output of hydroxybutyrate from the splanchnic bed. However, there is no significant exchange of acetoacetate across the splanchnic bed, since output from the gut is matched by uptake of similar magnitude by the liver. The main precursor for epithelial ketogenesis is almost certainly butyrate, derived from rumen fermentation. Butyrate is also a precursor for some hepatic ketogenesis, and NEFA will account for most of the remainder. During food deprivation, gut ketogenesis ceases, presumably because butyrate is no longer available and NEFA cannot substitute as a precursor. NEFA must nevertheless now be the main precursor for hepatic ketogenesis, which increases as a result of both an increase in hydroxybutyrate output and a switch to acetoacetate output. Even at this time, however, the ratio of hydroxybutyrate output to acetoacetate output is greater than in fasting humans, i.e. 10 : 1 as compared with 1 : 1 (Garber , 1974) . It is evident that the increase in hepatic ketogenesis in the experiment illustrated in Table 2 did not fully compensate for the cessation of alimentary ketogenesis, so that there was a slight decrease in splanchnic ketogenesis. This has been suggested as a reason for the resistance of non-productive cows to food-deprivation ketosis (Baird el al., 1979) . Presumably, during the development of either food-deprivation or spontaneous ketosis, hepatic ketogenesis would have to increase sufficiently to ensure that net splanchnic ketogenesis was also increased. In spontaneous ketosis, alimentary ketogenesis may persist, and it must be assumed that the output of ketone bodies from the liver is in the form of both hydroxybutyrate and acetoacetate. The pattern of exchange of ketone bodies across the gut and liver in sheep is qualitatively similar to that seen in cows, and increase in splanchnic ketogenesis has been demonstrated during food deprivation (Katz & Bergman, 1969) . The enzymology of ruminant ketogenesis is not adequately understood. Hydroxymethylglutaryl-CoA synthase (EC 4.1.3.5) has been shown to be present in both liver and rumen epithelium at a higher activity than acetoacetyl-CoA deacylase (EC 3.1.2.1 1) (Ash, 1974) . However, if ketogenesis does occur mainly via the hydroxymethylglutaryl-CoA pathway in liver, it is surprising that at least a portion of the ketone-body output is not in the form of acetoacetate in the fed state, in view of the low activity of D-3-hydroxybutyrate dehydrogenase (EC 1.1.1.30) (Koundakjian & Snoswell, 1970 : Watson & Lindsay, 1972 . The net hepatic uptake of acetoacetate also has to be explained. The activity of 3-0x0 acid CoA-transferase (EC 2.8.3.5) is very low in bovine liver (Ash, 1974) .
Hepatic metabolites
As hepatic ketogenesis increases, there are corresponding increases in the hepatic content of the ketone bodies and decreases in the content of glycogen and of glucogenic intermediates such as oxaloacetate and citrate ( Table I) .
Utilization of ketone bodies
In the ruminant, skeletal muscle, kidney, lactating mammary gland and gut all utilize ketone bodies, but brain apparently does not [see Baird (1977) for referencesl. An interesting suggestion is that utilization may be depressed during food deprivation (Varnam et al., 1978) .
Reasons for susceptibility of ruminants to ketosis
These include the following: (1) the hormonal environment gives a high degree of precedence to the productive requirement for nutrients, particularly glucose; (2) appetite is limited, and there is difficulty in satisfying total nutrient demand from exogenous sources: and (3) adipose-tissue mobilization is encouraged.
A precipitating cause of either food-deprivation or spontaneous ketosis is likely to be the development of a severe imbalance between glucose demand and the rate at which glucose can be supplied by gluconeogenesis, an important limitation to which may be the ability to mobilize sufficient endogenous glucogenic precursors. This imbalance could then lead to the observed decrease in carbohydrate status and increase in fat mobilization. A speculative possibility is that the imbalance might arise because during high productivity mechanisms come into play to override metabolic signals of energy deficiency that at other times would elicit a decrease in the productive demand for glucose. Evidence to suggest an important role for such an imbalance in the aetiology of spontaneous bovine ketosis is provided by the finding that therapeutic compounds, including glucose, propionate and glucocorticoid, all have the effect of increasing glucose supply relative to glucose demand, and increasing the carbohydrate status of the liver (Baird, 198 I) .
In the ruminant, as in the non-ruminant, the rate of hepatic ketogenesis during ketosis is probably determined both by the supply of NEFA and by hepatic carbohydrate status. The indicator of carbohydrate status is unlikely to be malonyl-CoA, in view of the weak lipogenic activity in ruminant liver (Ballard et al., 1969) . Hepatic ketogenesis could be regulated by the supply of oxaloacetate, the concentration of which falls during ketosis ( Table 1) 
